Objective : The study examined the difference in the incidence of symptomatic cerebral vasospasm with magnesium supplementation in aneurysmal subarachnoid hemorrhage (SAH) in a Korean population. Methods : This retrospective analysis was performed in 157 patients diagnosed with aneurysmal SAH from January 2007 to December 2011 at a single center. Seventy patients (44.6%) received a combination treatment of nimodipine with magnesium and 87 patients (55.4%) received only nimodipine. A matched case-control study using propensity scores was conducted and 41 subjects were selected from each group. A dosage of 64 mmol/day of magnesium was administrated. Results : The infusion of magnesium did not reduce the incidence of symptomatic cerebral vasospasm (n=7, 17.1%, p=0.29) compared with simple nimodipine injection (n=11, 26.8%). The ratios of good clinical outcome (modified Rankin scale 0-2) at 6 months were similar, being 78% in the combination treatment group and 80.5% in the nimodipine only group (p=0.79). The proportions of delayed cerebral infarction was not significantly lower in patients with combination treatment (n=2, 4.9% vs. n=3, 7.3%; p=0.64). There was no difference in the serum magnesium concentrations between the patients with symptomatic vasospasm and without vasospasm who had magnesium supplementation. No major complications associated with intravenous magnesium infusion were observed. Conclusion : Magnesium supplementation (64 mmol/day) may not be beneficial for the reduction of the incidence of symptomatic cerebral vasospasm in patients with aneurysmal SAH.
tion and subsequent cell swelling may be prevented by blocking sodium influx 14) . Many studies have been conducted to confirm the clinical validity of magnesium treatment, but its benefits to the decrease in symptomatic vasospasm and association with good clinical outcome are controversial 2, [4] [5] [6] 8, 18, [20] [21] [22] 24) . Although the benefit of magnesium sulfate for cerebral vasospasm in SAH remains debatable, clinical research on the effectiveness of magnesium has not yet fully conducted in Korea. To address this shortcoming, we performed a case-control study with the use of propensity scores to compare the differences in the incidence of symptomatic vasospasm between a group treated with a combination of nimodipine and magnesium and a group treated solely with nimodipine.
INTRODUCTION
Symptomatic cerebral vasospasm is still a leading risk factor for poor outcome in aneurysmal subarachnoid hemorrhage (SAH) 7) . Magnesium has been used as a neuroprotective agent for preventing vasospasm with the rationale that its vasodilatory action on vasospastic artery and improvement of cerebral blood flow result from the blockage of calcium channels and inhibition of myosin light chain kinase 1, 17) . Glutamate interaction with N-methyl-D-asparate (NMDA) can also be prohibited, consequently leading to reduced calcium release from the intracellular space including endoplasmic reticulum, mitochondria and calciosomes, as well as inhibiting calcium influx from extracellular space 19) . In addition, membrane depolarizaIntravenous Magnesium Infusion for the Prevention of Symptomatic Cerebral Vasospasm after Aneurysmal Subarachnoid Hemorrhage magnetic resonance imaging (MRI), or transcranial Doppler (TCD) sonography. Symptomatic cerebral vasospasm was proven through two processes. When a newly developed neurological deficit, such as deterioration in the level of consciousness, dysphasia, motor weakness, or sensory changes in patients who were capable of communication was found, it had to be confirmed by cerebral angiography. Vasospasms were not considered if they were caused by rebleeding of an aneurysm, intracerebral hemorrhage (ICH), hydrocephalus, electrolyte abnormality, ischemic events related to surgery, seizure, infection or medical causes. In cases involving patients who were not accurately evaluated by a neurologic examination, a symptomatic vasospasm was suspected when an increase of the TCD velocity (mean velocity of arterial flow over 140 cm/sec in the anterior circulation or 90 cm/ sec in the basilar circulation) was seen or if a cerebral infarction was shown by CT or diffusion MRI. Next, the suspected vasospasm had to be confirmed by subsequent angiography. After symptomatic vasospasm was confirmed, a selective intra-arterial injection of nimodipine 3) or a transluminal balloon angioplasty 12) was performed according to the neurosurgeon's discretion and repeated several times, if necessary, in order to restore blood flow.
Clinical outcome was measured by the modified Rankin scale (mRS) 6 months after ictus. A good outcome was defined as a mRS score of 0-2 and a poor outcome was a mRS score of 3-6. Except for magnesium supplementation, the same protocol of treatment was applied to both groups including nimodipine (Samjin Pharm., Seoul, Korea). All patients received intravenous nimodipine (20 µg/kg/h) for two weeks and the treatment was changed to oral nimodipine (60 mg/4 h) until discharge.
Dose of magnesium sulfate
Patients received magnesium (Daewon Pharm., Seoul, Korea) through a continuous infusion of 64 mmol/day 18) for 14 days post-operatively without loading or additional supplemental magnesium. The purpose of this magnesium dosage was to maintain a serum concentration of 1.0-2.0 mmol/L with no magnesium intoxication 16) . Serum magnesium concentrations were measured every 2 days. The occurrence of complications such as bradycardia, hypotension, and bradypnea with depressed oxygen saturations induced by magnesium toxicity 19) were closely monitored.
Statistical analyses
Continuous data are presented as the mean and standard deviation (SD). A chi-square or Student' s t-test was used. A propensity score-matching analysis was conducted with the probability of magnesium injection and multivariate logistic regression analysis including relevant variables (sex, age, H-H grade, Fisher grade, and HTN) was performed to cal- Fig. 1 . In cases of surgical complications, infection and rebleeding of an aneurysm were excluded in this study due to possibility of bias. Detailed information of inclusion and exclusion criteria is presented in Table 1 . Their medical information was recorded with variables including sex, age, hypertension (HTN), diabetes mellitus (DM), Hunt and Hess grade (H-H grade), Fisher grade, method of treatment, occurrence of symptomatic cerebral vasospasm, and clinical outcome. Postoperative radiologic examinations were conducted with brain computed tomography (CT), 
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RESULTS
The characteristics of two groups in 157 unmatched cases are shown in Table 2. Although significant differences of the variables were not detected in both groups, results such as symptomatic vasospasm and good clinical outcome may be affected by the different proportion of the variables.
Data from a propensity score matching analysis in 82 patients are presented in Table 3 . Supplementation with magnesium did not contribute to a decrease in symptomatic vasospasm. In particular, the chi-square result of the occurrence of cerebral vasospasm was higher than that of 157 unmatched cases (0.29 and 0.09, respectively).
The ratios of good clinical outcome (mRS of 0-2) at 6 months were 78% in the combination treatment group and 80.5% in nimodipine only group (p=0.79). The proportions of delayed cerebral infarction were not significantly lower in patients with combination treatment (n=2, 4.9%) compared with the nimodipine only group (n=3, 7.3%, p=0.64).
The serial magnesium concentrations between the patients with symptomatic vasospasm and without vasospasm who had magnesium supplementation are shown in Fig. 2 . The normal range of magnesium was 0.7-0.95 mmol/L. There was no difference in the serum concentrations of magnesium between the two groups (p=0.50).
DISCUSSION
This study indicates that the combination treatment of 64 mmol/day of magnesium with intravenous nimodipine does not reduce the incidence of symptomatic cerebral vasospasms in ruptured aneurysms during the initial 2 weeks. The propor- suggested that a risk reduction on delayed cerebral ischemia in SAH patients could be realized using a dosage regimen of 64 mmol/day of magnesium. Friedlich et al. 6) reported that continuous low doses of parenteral MgSO 4 of 0.6 g/h given within 72 hours after SAH reduced the incidence of clinical and radiological vasospasm without reaching the specific serum concentrations level. Westermaier et al. 21) demonstrated the benefit of high dose magnesium on good outcome and angiographic vasospasm. The authors provided intravenous magnesium to maintain a concentration of 2.0-2.5 mmol/L with a bolus injection and adjustment of magnesium every 8 hours. On the contrary, Wong et al. 22, 23) insisted that there was no evidence that high plasma magnesium levels could improve clinical outcome.
The ideal administration route of magnesium for preventing vasospasm has been debatable. Wong et al. 22) assumed that an intracisternal infusion of magnesium needs to be adapted for a good clinical outcome due to the toxicity of high levels of magnesium concentration (over 2.5 mmol/L). Several studies also supported the effectiveness of intracisternal magnesium infusion in preventing vasospasms and they recommend maintaining levels >3 mEq/L in cerebrospinal fluid 9, 10, 15) . However, there is no appropriate explanation for the benefit of intracisternal magnesium irrigation and this may increase the infection risk. In addition, it is not suitable for patients with coil embolization to keep drainage tubes within the cerebral cisternal space.
The ideal consensus about identifying cerebral infarction caused by vasospasm remains unclear. With the advance of endovascular therapy, there are difficulties about differentiating causes of infarction, whether cerebral vasospasm or procedurerelated complication. Therefore, measuring the clinical effect of magnesium supplementation on the reduction of cerebral infarction may vary among observers and it may also lead to different clinical outcome. In this study, there were fewer cases of delayed cerebral infarction compared with another study 21) that was performed with high maintenance of magnesium of 2.0-2.5 mmol/L in spite of similar rate of high grade Hunt and Hess and Fisher grade. This difference may have reflected differences in the endovascular treatment and may have caused opposite results.
The combined mechanisms of magnesium with nimodipine are still not well understood. Although nimodipine and magnesium act through calcium-dependent channels, their synergic pathway has not been clarified.
Finally, the optimal time of the start of magnesium has not been well established. In acute stroke, infusion within 12 h has not proven to be beneficial to the risk reduction of patients with poor outcomes 11) . However, these results may not apply to patients with ruptured aneurysms because of the differences of pathophysiology and drug regimen. An on-going study [Field Administration of Stroke Therapy-Magnesium (FAST-MAG) trial] seeks to assess the advantage of earlier magnesium infusion within the first 2 hours. The results will require confirmation Limitations of the study include study design and the magnesium dosage. This was a small retrospective study. However, the measured variables of patients have a lesser proportional difference in risk factors related to cerebral vasospasm between two groups with the use of the propensity score matching. Rubin and Thomas 13) reported propensity score matching analysis has lesser error estimates than simple multiple regression analysis. Although a high concentration of serum magnesium level of more than 2.5 mmol/L may reduce symptomatic cerebral vasospasm 22) , but it may not be appropriate considering the higher chance of magnesium toxicity.
CONCLUSION
Combination treatment of 64 mmol/day of magnesium with nimodipine may not be beneficial to the reduction of the incidence of symptomatic cerebral vasospasm and the improvement of clinical outcome in patients with ruptured aneurysmal SAH.
However, the beneficial effect of magnesium in preventing delayed cerebral infarction or improving neurological recovery in SAH cannot be excluded. Therefore, a nationwide randomized controlled multicenter trial of intravenous magnesium sulfate in aneurysmal SAH including appropriate dosage, targeted serum concentration of magnesium, initiation or maintenance time period is needed in Korea.
